Abstract Clinicians frequently encounter patients with malignant and benign diseases involving the pleural space.
Introduction
Pleural diseases are a commonly encountered clinical problem affecting an estimated 3000 per million people [1] . A wide range of medical problems with both malignant and benign etiology affect the pleural space. Unfortunately, pleural diseases may persist or progress despite standard therapeutic intervention. Here we address complicated pleural conditions which are clinically challenging for physicians and are a source of significant morbidity and mortality for patients. These conditions typically require careful case-by-case evaluation with a multi-disciplinary management approach.
Loculated malignant effusion
Malignant pleural effusions (MPE) affect more than 150,000 people per year in the United States [2] . Patients with good performance status and projected lifespan may benefit from chemical pleurodesis, with 81-93 % success with talc, 80-85 % with tetracycline or doxycycline, and 70-79 % with bleomycin [2] . However, pleural adhesions and loculations can prohibit uniform distribution of pleurodesis agents thereby preventing successful obliteration of the pleural space. Their presence will affect selection of the ideal intervention for a patient.
Locating adhesions and loculations is an important procedural consideration, for example with placement of chest tubes or thoracoscopy trocars. Computerized tomography (CT) is only moderately sensitive for detecting pleural adhesions. CT of patients undergoing video-assisted thoracoscopic surgery (VATS) was able to correctly identify the presence of adhesions in 71 % of cases, with similar specificity for excluding them (72 %) [3] . However, the ability to identify specific individual adhesions was significantly less, with only 38 % correctly located and 27 % false-positive identifications. Evaluation for lung sliding by transthoracic ultrasonography identified individual adhesions with 80.6-88.0 % sensitivity and 82.6-96.1 % specificity [4, 5] . Identifying the sliding pleural sign, however, may be confounded by concurrent pneumothorax and is more difficult at the apices and for patients with chronic obstructive lung disease [4, 5] .
Pleural loculations can limit the distribution of chemical pleurodesis agents introduced via chest tube, thereby reducing therapeutic success. Alternatively, medical thoracoscopy and VATS can be used to provide visual guidance of pleural fluid drainage, perform adhesiolysis, thereby restoring a single pleural space, and confirm uniform distribution of pleurodesis agents [2, 6•] . Thoracoscopic intervention can be considered for treating loculated malignant effusions in patients who have good functional status and are otherwise pleurodesis candidates.
For patients who cannot tolerate thoracoscopic procedures, intrapleural administration of fibrinolytics, for example streptokinase and urokinase, can increase pleural fluid drainage and improve dyspnea [7, 8] . Randomized, controlled evaluation of intrapleural streptokinase for MPE revealed lung re-expansion for a greater number of patients (96 % versus 75 %) and increased subsequent success with doxycycline pleurodesis (75 % versus 56 %) [9] . An indwelling pleural catheter can also be inserted with ultrasound guidance into the dominant loculated space for symptom relief.
Complicated pleural infection
Pleural infections are frequently encountered medical problems associated with high mortality ranging from 6-20 % [10, 11••, 12] . Pleural infections typically progress through three stages. The acute or exudative stage is characterized by a free-flowing effusion. During the fibrinopurulent stage, pleural fluid becomes turbid and viscous; adhesions and loculations often develop during this stage. Finally, an organizing fibrous peel can form on the visceral pleura resulting in a trapped lung during the organizing phase. Several classification systems have been developed to describe the complexity of the pleural infection and guide therapeutic algorithms based upon fluid appearance, microbiological, chemical, and radiographic characteristics [13, 14] .
For simple, free-flowing parapneumonic effusions, antibiotic therapy and possible drainage with thoracentesis is usually sufficient [14, 15••] . Complicated effusions require tube thoracostomy or more advanced drainage intervention. Chest tube diameter must be sufficient to evacuate infected material from the pleural space. Larger-bore chest tubes have traditionally been used for complicated pleural infections and empyemas because smaller tubes are at higher risk of occlusion by viscous pleural fluid or pus. However, the Multi-center Intrapleural Sepsis Trial (MIST1) did not reveal different clinical outcomes on the basis of chest tube size, including mortality, need for surgical intervention, or length of hospitalization [16] . Smaller chest tubes placed by the Seldinger technique were associated with less pain resulting from either different tube size or method of insertion. Of note, choice of chest tube diameter was at the discretion of the treating physician, so the results may have been biased by patient and fluid characteristics; randomized data addressing this issue is currently lacking. Placement of smaller-caliber catheters can be performed with real-time ultrasound guidance; this is particularly helpful for patients with loculations [17] .
Intrapleural fibrinolytic administration has been used to prevent or treat fibrinous loculations associated with pleural infections, with mixed outcomes. The MIST1 is the largest randomized trial which evaluated the instillation of 250,000 IU streptokinase twice daily for 3 days compared with placebo. There was no significant benefit with regard to mortality, need for surgical intervention, radiography outcome, or hospital length-of-stay [10] . Meta-analysis including previous studies also does not support routine use of intrapleural fibrinolytics for treatment of pleural infections [18] . The subsequent MIST2 trial compared combination tissue plasminogen activator (t-PA) and DNase versus either agent alone versus placebo control. Mean change in radiographic opacity (−29.5 % vs −17.2 %), need for surgical referral (OR 0.17), and hospital length-of-stay (−6.7 days) significantly favored combination t-PA and DNase compared with placebo; monotherapy with either agent was not dissimilar from placebo [11••] . These findings supported the hypothesis that DNase reduces pleural fluid viscosity and improves the efficacy of fibrinolytics by cleaving free deoxyribonucleic acid and other bacterial debris. Current major societal guidelines preceded the MIST2 study and do not advocate routine use of intrapleural fibrinolytics [15••] .
Thoracoscopy can also been used in lieu of fibrinolytics to remove adhesions and loculations, suction infected material, and any fibrinous covering of the visceral pleura, thus preventing development of a fibrous peel and trapped lung [19] [20] [21] . Decortication success is generally better for less complicated pleural infections. Though still controversial, some authors believe thoracoscopy to be superior to thoracotomy because of reduced procedure-related morbidity, hospital length-of-stay, and complications with equivalent efficacy [22, 23] . However, these studies may be biased by disease complexity and operator skill. Thoracotomy is still of major importance in advanced empyemas [22] and approximately 6 % of thoracoscopic cases require conversion to open thoracotomy or subsequent surgical intervention [24] . The fibrinopurulent phase is generally regarded as the ideal period to instill intrapleural fibrinolytics and perform such intervention as thoracoscopic adhesiolysis and surgical decortication. Aggressive initial therapy including procedural intervention has been demonstrated to be advantageous for highly complicated pleural infections, with reduced need for secondary intervention (43 % versus 11 %) but without mortality difference compared with less aggressive initial therapy [12] .
Unresolving empyemas and post-surgical empyemas may require specialized rescue intervention which enables chronic drainage of the pleural space until the infection resolves. Many of these cases are further complicated by the development of prolonged bronchopleural fistulas (BPF) [25] [26] [27] . Open thoracostomy uses a vertical chest incision with rib resection and large bore chest tube insertion, enabling drainage of the pleural space. The tract closes as the chest tube is slowly withdrawn in a process that may take 2 to 3 months. Open-window thoracostomy removes segments of 2 or 3 adjacent ribs to create an opening enabling drainage of the pleural space to the outside environment, although the disruption of the chest wall can be aesthetically undesirable. Variations of the open window thoracostomy include the Eloesser procedure, which uses a skin flap for BPF closure, and vacuumassisted closure [22] . The Clagett procedure is a staged process with initial open pleural drainage and irrigation with antibiotic solution. Once granulation tissue forms, the pleural cavity is filled with antibiotic solution and then closed [28] .
Comparison of these techniques is difficult and the choice of procedure is highly dependent upon the specific situation and the expertise of the surgeon.
Hemothorax
A small amount of blood can make a pleural effusion appear bloody. Pleural fluid hematocrit >50 % of serum hematocrit is therefore used to define a hemothorax. Bleeding into the pleural space most commonly results from trauma or procedure-related injury. Spontaneous hemothorax can occur with rupture of pleural adhesions, malignancy, and as a complication of anticoagulation therapy for pulmonary embolism. Rarer causes include endometriosis, exostoses, rupture of pulmonary vascular malformations in Osler-WeberRendu syndrome, and rupture of thoracic artery aneurysms, for example the aorta, internal mammary, or intercostal arteries, which can occur with Ehlers Danlos syndrome and neurofibromatosis [29] .
Upright chest radiography is a useful initial tool for evaluation for hemothorax in trauma patients. Chest CT provides greater image resolution and helps identify potential sites of injury. An arterial blush of contrast into the pleural space indicates active bleeding and requires urgent intervention. Measurement of the radiographic Hounsfield units of pleural fluid on CT scan can also help distinguish between hemothorax and chronic pleural effusion. Bedside ultrasonography is rapidly available and has higher sensitivity than chest radiography (92 % versus 62 %) for detecting hemothorax and facilitating time-sensitive evaluation of trauma patients [30] .
Chest tube thoracotomy is the usual initial intervention for traumatic hemothorax to remove blood and prevent the development of infection or trapped lung. Larger-bore chest tubes are less likely to become obstructed, although prospective analysis did not demonstrate significant difference in outcomes between 28 F to 32 F tubes compared with larger 36 F to 40 F tubes; there was no difference in volume of blood drained, tube duration, or complications including pneumonia, empyema, or retained hemothorax [31] . Prophylactic use of first-generation cephalosporins was advocated by the Eastern Association for Trauma guidelines for reducing infectious sequelae associated with hemothoraces requiring chest tube placement [32] . Unfortunately, data available at that time were limited to nine small studies, many of which were retrospective or unblinded. Subsequent prospective, randomized, double-blind comparison of intravenous cefazolin for the duration of tube thoracostomy versus 24 hours of cefazolin therapy versus placebo for 224 patients did not reveal significant reduction in empyema or pneumonia in either antibiotic group compared with placebo [33] . Nevertheless, data support prophylactic antibiotic use to reduce infections in the broader population of patients with chest drains for blunt and penetrating thoracic trauma [34] . Prophylactic antibiotics are, therefore, a reasonable consideration for traumatic hemothoraces but are not warranted in most spontaneous cases.
Surgical intervention with VATS or thoracotomy may be required to investigate the pleural space, control bleeding, repair damaged visceral and vascular structures, or evacuate the hemothorax. In a prospective evaluation of 328 patients with hemothorax, 30.8 % of patients could be managed by observation alone. Estimated retained hemothorax volume <300 mL was the strongest independent predictor of success of this management strategy [35] . For patients requiring procedural intervention, VATS was the initial procedure for 33.5 %. However, 26.5 % required two procedures, 5.4 % required three procedures, and 20.4 % ultimately required thoracotomy to fully evacuate the pleural space or treat subsequent empyema [36] .
Pneumonia has been shown to develop in 19.5 % and empyema in 26.8 % of patients with retained hemothorax [35] . Intervention for retained hemothorax is highly dependent upon the clinical situation given the associated procedural risk relative to the potential development of hemothorax-related complications. For retained hemothorax, surgical investigation is the preferred initial therapy over placement of additional chest tube drains. A small randomized trial demonstrated shorter drainage duration (2.53 versus 4.50 days), reduced post-procedure hospital length-of-stay (3.60 versus 7.21 days), reduced total hospital length-of-stay (5.40 versus 8.13 days), and reduced hospital-related costs ($7,689 versus $13,273) with VATS compared with placement of additional tube thoracotomy [37] . Use of VATS versus thoracotomy is dependent upon the clinical situation and the skill of the surgeon.
Nonexpanding lung
A number of acute and chronic etiologies can mechanically prevent full lung expansion and apposition of the visceral and parietal pleura. Inflammation from acute infectious and non-infectious processes may result in development of a fibrinous visceral pleural peel preventing lung expansion. Parapneumonic infections are the most common infectious etiology, but spontaneous bacterial pleuritis associated with hepatic hydrothorax is also a potential cause. Non-infectious etiologies include hemothorax, cardiothoracic surgery, and such underlying medical conditions as uremia or rheumatoid pleuritis. Malignancy directly involving the visceral pleura can prevent lung expansion. Less frequently, endobronchial obstruction and subsequent lung collapse may cause para-malignant effusions.
Patients with trapped lung will commonly develop pleural effusions, but dyspnea may not be significantly improved by large-volume drainage. Patients may have increased cough or pain with fluid removal, with rapid re-accumulation of the effusion. In addition, lung elastance may be increased after fluid drainage resulting in the generation of abnormally negative intrathoracic pressures and development of a pneumothorax or hydropneumothorax [38] . In the era of ultrasoundguided thoracentesis, post-procedural pneumothorax is much more likely to result from trapped lung than procedure-related complications [38] . Pleural effusions secondary to trapped lung will tend to recur and drainage is warranted only if the patient is symptomatic [19] .
As previously discussed, complicated pleural infections can result in the development of a fibrinous coating on the lung preventing expansion. Lung entrapment from pleural infections may subside after antibiotic therapy. However, once a fibrinous peel organizes into a fibrinous membrane, spontaneous resolution is unlikely and surgical decortication is required to restore lung expansion [19] . Surgical removal of the constricting membrane can be performed by VATS but may require conversion to muscle-sparing thoracotomy. Decortication for patients with empyema can improve lung function but does not completely correct the impairment. Postoperative improvements in forced expiratory volume in one second (FEV 1 ) range from 17.5-19.2 % of predicted values, and increases in vital capacity (VC) range from 16.6-18.5 % of predicted values. Lung perfusion and radiographic expansion are also increased after surgical decortication [39, 40] . Similarly, decortication for trapped lung after coronary artery bypass grafting results in improvements of FEV 1 by 15.0±6.3 % and VC by 17.6±6.4 % of predicted values [41] . and However, surgical decortication has a mortality risk of 1.3-6.6 % [20] .
Less aggressive alternatives to surgical decortication have been investigated to resolve trapped lung. Surgical debridement with limited thoracotomy for patients with empyema has been used to break up loculations and remove debris in the thoracic cavity, with small case series demonstrating radiographic re-expansion similar to that for decortication [42] . However, larger prospective, randomized trials are still required to evaluate this intervention in lieu of decortication.
Malignancy is a frequent cause of pleural effusions and approximately 5-20 % may become complicated by trapped lung [43] . Rapid recurrence of pleural fluid associated with trapped lung makes intermittent thoracentesis drainage problematic. Pleurodesis is not an option, because it requires apposition of the visceral and parietal pleura. One study showed 100 % failure of pleurodesis for MPE with trapped lung or with an elastance greater than 19 cm H 2 O [44] . Furthermore, treatment options for patients with MPE are often limited by their poor functional status associated with advanced malignancy. Palliative surgical decortication is not recommended for this patient population because it requires prolonged hospitalization, and morbidity and mortality are high [45, 46] . Indwelling pleural catheters have been shown to provide symptom relief for 48-94 % of patients with MPE with trapped lung [47] [48] [49] . Despite the trapped lung, indwelling pleural catheters induced spontaneous pleurodesis in 48 % of patients after a mean of 94 days [49] . Complications such as air leak, catheter occlusion, cellulitis, and development of loculations may occur in up to 15 % of patients [49] . In addition, indwelling pleural catheters provide minimally invasive palliation for patients with late-stage malignancies. Minimizing procedure-related risks and hospitalization time for these patients is of paramount importance. Pleuroperitoneal shunts have also been used for recurrent drainage of pleural fluid but are limited by high morbidity, shunt failure, translocation of malignant cells into the peritoneal cavity, and lower patient compliance [46] . Intrapleural fibrinolysis with urokinase may improve radiographic lung re-expansion of loculated MPE with trapped lung, but further study of this palliative intervention is required [50] .
Endobronchial malignancies causing airway obstruction may result in a pleural effusion associated with postobstruction atelectasis. Unlike other malignancy-associated pleural effusions, these effusions are characteristically transudates and malignant cells are not present. Relief of the endobronchial obstruction is required for lung re-expansion and requires bronchoscopic intervention [6•, 51] .
Pleural thickening
Pleural abnormalities may be focal or diffuse and are associated with both benign and malignant diseases. Isolated pleural plaques are the most common benign form of pleural thickening and may be associated with asbestos exposure, trauma, hemothorax, or tuberculosis. The presence of multiple plaques, however, typically results from asbestos exposure [52] . Asbestos fibers are theorized to be directly transported to the pleural surface after inhalation, or to be transported along lymphatics. Asbestos fibers induce pleural inflammation and collagen deposition within the parietal pleura. Asbestos-related pleural plaques are well-circumscribed, often bilateral but asymmetric, and are commonly adjacent to ribs along the posterior chest wall and central tendons of the diaphragm. Although they are a marker of asbestos exposure, there is a latency period of at least 20 years before development [53, 54] . Calcifications within plaques are commonly seen on chest radiography and are related to time duration since exposure. Plain chest radiography is often sufficient for longitudinal evaluation of pleural plaques, though chest CT enables more sensitive evaluation of detailed characteristics, for example calcifications [55, 56] . Pleural plaques are sometimes associated with parenchymal fibrosis seen in asbestosis, but the two entities may exist independently of each other [57] . Patients with pleural plaques are at greater risk of asbestosis and should be monitored for such [52, 58, 59] . Although pleural plaques are benign, their presence is an indicator of risk of mesothelioma development [52] , possibly associated with greater burden of asbestos exposure or retention [60, 61] .
Diffuse pleural thickening usually involves the visceral pleura, including the costophrenic angle with fibrosis extending into adjacent lung parenchyma. Adjacent parietal pleura may also become involved, with development of adhesions complicating the pleural space. Unlike the wellcircumscribed fibrosis of parietal pleural plaques, diffuse pleural thickening may be heterogeneous in appearance, both in thickness and in demarcation of borders. Both entities, however, may occur simultaneously [62] . Diffuse pleural thickening is associated with asbestos exposure but can develop in response to other causes of pleuritis, for example infection, tuberculosis, trauma, radiation, pulmonary embolism, and benign asbestos-related pleural effusion [63, 64] . Unlike pleural plaques, diffuse pleural thickening may result in significant restrictive impairment [64] .
Rounded atelectasis is a unique form of benign asbestosrelated pleural thickening that presents with a round radiographic pleural opacity and characteristic "comet sign" tail extending towards the hilum [65] . Patients are usually asymptomatic and their lesions discovered incidentally [66] .
Malignant pleural thickening is most commonly secondary to metastatic disease. The clinical course of patients with pleural metastases is often complicated by recurrent malignant effusion, loculations, and nonexpanding lung. Mesothelioma is a primary pleural tumor that deserves separate discussion given its unique disease characteristics and associated therapeutic challenges. Pathologic diagnosis is often difficult with only pleural fluid analysis or limited pleural biopsy from closed needle biopsy. As a result, medical thoracoscopy or VATS is recommended for diagnostic evaluation [67•] .
Mesotheliomas have poor overall prognosis and patient survival has not benefited significantly from medical therapy. Surgical intervention for mesothelioma includes pleurectomy with decortication and more extensive extrapleural pleurectomy (EPP) involving resection of the visceral and parietal pleura, pericardium, and diaphragm. The Mesothelioma and Radical Surgery (MARS) study, the only randomized, controlled evaluation, demonstrated reduced median survival of 14.4 months with EPP compared with 19.5 months without EPP [68••] . Coupled with high procedure-associated morbidity (~50 %) and mortality (4-15 %) [69] , EPP is generally discouraged [67•] . In contrast, pleurectomy with decortication palliates such symptoms as dyspnea, chest discomfort, and recurrent pleural effusions with significantly less operative risk than EPP [70] .
Alternative methods of symptom control include medical thoracoscopy with talc poudrage or insertion of an indwelling pleural catheter [2, 71] . Mesotheliomas are notorious for seeding the tracts of pleural procedures. An early randomized trial demonstrated a significant decrease in tumor seeding if prophylactic radiotherapy was applied to intervention sites [72] . Subsequent studies, however, found no benefits [73, 74] .
Persistent bronchopleural fistula
BPF most commonly result of thoracic trauma or post-surgical complications. Development of a BPF is a particularly deleterious complication of surgical lung resection with occurrence ranging from 0.5-0.7 % for lobectomy and 7.1-10.2 % for pneumonectomy [25] [26] [27] . BPF is more common after right compared with left-sided pneumonectomy (13.2-17.4 % versus 5.0 %) [26, 27] . Other risk factors include use of staple closure and preoperative neoadjuvant or postoperative adjuvant chemotherapy [26] . Predisposing factors for spontaneous development of pneumothorax include underlying bullae or cysts, pulmonary infection, malignancy, necrosis from radiation or chemotherapy, acute respiratory distress syndrome, and disease states resulting in elevated intrathoracic pressure, for example exacerbation of obstructive lung disease and Boerhaave syndrome [29, 75] .
Initial intervention includes careful monitoring with repeat radiographic imaging, high-flow supplemental oxygen, evacuation of air by needle aspiration, and placement of a chest tube. Smaller-bore chest tubes can be used, because the risk of occlusion is substantially less than for drainage of a viscous pleural effusion or empyema. However, air leaks can be more than 16 L min −1 and tube size should enable sufficient drainage to match the rate of air leak through the BPF [76] [77] [78] . The Fanning equation describes turbulent flow of moist gas through a tube (v=π 2 r 5 P/fl, where v is flow, r is radius, P is pressure, f is the Fanning friction factor, and l is length) [76, 79, 80] . Flow is directly proportional to tube radius to the 5th power and illustrates why a larger-bore tube may be necessary for brisk air leaks or if the initial tube size is insufficient to evacuate the pneumothorax.
Mechanical ventilation may be required for respiratory failure associated with pneumothorax. Persistent air leakage delays BPF healing and can cause loss of tidal volume, loss of positive end expiratory pressure (PEEP), and false ventilator cycling. In turn, this may worsen ventilation-perfusion matching, hypoxemia, and respiratory compensation of acidosis [81, 82] . Ventilator strategies utilizing reduced tidal volumes, PEEP, and inspiratory times are used to limit air flow through a BPF and promote healing [81] [82] [83] [84] . Additional alternative methods of ventilation have also been tried including selective intubation of the healthy lung, double lumen intubation with independent ventilation, high-frequency oscillatory ventilation, high-frequency jet ventilation, and extracorporeal support methods [81, 82, 85, 86] . Differential lung ventilation with either selective mainstem bronchial intubation or double lumen intubation reduces or eliminates air flow to the lung with the BPF but requires the unaffected lung to be healthy enough to support ventilation and oxygenation. High-frequency modes of ventilation are able to oxygenate the patient with lower mean airway pressures, thereby reducing the volume of air leaking through the BPF. Although these methods of ventilation have theoretical advantages, objective data are lacking.
Conservative measures have variable success, with reports of 4-45 % of patients requiring more aggressive surgical or endoscopic intervention [25, 87] . CT scans can be useful to help locate the BPF site before intervention [87] . Surgical closure of BPF is successful in 80-100 % of cases [29, 82] . It is recommended that patients be evaluated for surgical or alternative means of therapy if their BPF fails to resolve after 5 days [82] . A wide range of surgical closure techniques have been developed, including chronic open drainage, stump closure reinforced with intercostal muscle, an omental flap, trans-sternal bronchial closure, and thoracoplasty with or without extrathoracic chest wall muscle transposition [22, 82] . Staged closure after chronic open drainage, for example with an Eloesser or Clagett procedure, can also be used. However, patients must be able to tolerate VATS or open thoracotomy.
Bronchoscopic intervention performed to occlude persistent BPF includes instillation of fibrin glue, albuminglutaraldehyde tissue adhesive, cellulose, gel foam, poly(-ethylene glycol), cyanoacrylate glue, or topical silver nitrate, ethanol injection, and antibiotic injection [82] . Airway stents can be used to temporarily seal a leaking surgical stump, enabling the BPF to heal. Endobronchial one-way valves, by significantly reducing air flow through a BPF, have shown potential. Balloon occlusion is performed during bronchoscopy to identify the location of the air leak before placing endobronchial valves which prevent air from traveling distally while enabling exhalation of distal air and expulsion of mucus. Travaline et al. demonstrated complete resolution in 45 % of patients with persistent BPF and significant reduction of the air leak in an additional 40 % [88] . Gillespie and colleagues were able to achieve successful resolution of persistent air leaks a median of 1 day after placement of endobronchial valves [89] .
Finally, the American College of Chest Physicians recommends pleurodesis for secondary prevention of recurrent spontaneous pneumothorax after the first occurrence [29] . If bullae are present, concurrent bullectomy can prevent future occurrence of spontaneous pneumothorax. Surgical bullectomy with talc poudrage is recommended over other options, for example talc slurry instillation through a chest tube.
Conclusions
Pleural diseases are a frequently encountered clinical problem. Complicated pleural conditions cause significant morbidity and mortality and usually have no standardized treatment algorithms. Additional studies are necessary to develop better interventions for these patients.
